Vibrationally resolved photoelectron spectroscopy is combined with ab initio calculations to investigate the structure and chemical bonding in CuCN, CuCN Ϫ , AgCN, and AgCN
I. INTRODUCTION
The cyanide anion (CN Ϫ ) is isoelectronic to CO and its chemical bonding to metal surface is of considerable interest. To understand the nature of the bonding of the cyanide ligand to metal surfaces, simple XCN molecules have been considered and a variety of structures have been found. In X-CN, CN is -coordinated to X through the carbon atom. A -coordination through the N end to X is also possible, forming the linear isocyanide X-NC species. Furthermore, a -bonded complex to X is also possible, giving a cyclic structure.
The alkali metal cyanides were among the first nonrigid molecules for which ab initio calculations were used to establish a flattened potential energy surface. 1 Ab initio studies revealed various potential surface shapes among the different alkali metal cyanides. For example, the global minimum on the potential energy surface of lithium cyanide was found to be the linear isocyanide configuration LiNC. [1] [2] [3] [4] [5] [6] This result was confirmed by experimental infrared spectra of lithium isocyanide trapped in inert solid matrices 7 and gas-phase rotational spectra of LiNC. 8 However, ab initio studies showed sodium cyanide to be a T-shape, bridged structure, 6, 9, 10 which was also confirmed by experimental rotational constants of NaCN. 11, 12 Similar T-shape structures were found for KCN 6, 9, [13] [14] [15] [16] and RbCN. 17 For alkali earth monocyanides, ab initio calculations predicted that they are actually monoisocyanides ͑X-NC͒ for the entire family of molecules from Be to Ba. 18 These ab initio results have also been confirmed by experimental spectroscopic studies. [19] [20] [21] [22] [23] For Al cyanide systems, ab initio calculations also predicted the linear isocyanide Al-NC isomer to be more stable than the linear Al-CN isomer by several kcal/mol. [24] [25] [26] [27] [28] These theoretical predictions have again been confirmed by spectroscopic [27] [28] [29] [30] [31] and thermodynamic investigations. 32, 33 However, when less electropositive atoms react with CN, the most stable structure is X-CN. For example, ab initio calculations have predicted the linear B-CN isomer to be more stable than the isocyanide B-NC isomer by 12.4 kcal/mol. 3 All ab initio studies of transition metal cyanides [34] [35] [36] [37] [38] have predicted that the X-CN structures are several kcal/mol more stable than the isocyanide X-NC structures. A recent photoelectron spectroscopic study 39 of palladium cyanide anion also suggested that it has the X-CN structure for both the anion and neutral species.
When XϭH, the global minimum is the well-known linear hydrogen cyanide molecule HCN. The linear isocyanide configuration HNC is a local minimum lying 11.2 kcal/mol higher than the global minimum. 40 The two minima are separated by a high barrier of 23.7 kcal/mol whose apex corresponds to a triangular configuration so that at low temperatures both isomers exist.
It seems that more covalent bonding between X and CN favors the linear cyanide structure, while more ionic bonding favors the linear isocyanide structure and in the extreme ionic cases even cyclic structures are possible. Transition metals are expected to form an ionic bond with CN rather than a covalent one, yet in all previous ab initio calculations the cyanide isomers were predicted to be more stable. However, these were based on the SCF, CASSCF, or SDCI levels of theories, which did not take into account much of the dynamic electron correlation. For transition metal molecules the cyanide and isocyanide structures are very close in energy and therefore more accurate calculations are needed to make more definite conclusions about their relative stabilities.
Experimental studies of the transition metal cyanide molecules are also rare and very limited experimental data exist about these species. In the current work, photoelectron spectroscopy is combined with ab initio calculations to investigate the structure and chemical bonding in CuCN Ϫ , CuCN, AgCN Ϫ and AgCN. A well-resolved vibrational progression was observed in the photoelectron spectra of CuCN Ϫ and AgCN Ϫ . The measured vibrational frequencies and electron binding energies are used for comparison with the ab initio calculations. Indeed we found that all these species exist as the linear cyanide structures.
II. EXPERIMENT
The experiments were performed using a magneticbottle photoelectron apparatus with a laser vaporization cluster source. Details of the apparatus have been published previously. 41, 42 The CuCN Ϫ and AgCN Ϫ anions were produced by laser vaporization of the respective pure metal target with a helium carrier gas containing 5% N 2 . Various metal nitride clusters were produced and the XCN Ϫ anions were formed due to carbon impurities in the targets or on the surfaces inside the cluster nozzle. The clusters formed inside the nozzle were entrained in the carrier gas and underwent a supersonic expansion. The anions were extracted from the cluster beam perpendicularly into a time-of-flight ͑TOF͒ mass spectrometer. The anions of interest were selected by a mass-gate and subsequently decelerated before crossing with a detachment laser beam in the interaction zone of the magnetic-bottle photoelectron analyzer. Two detachment photon energies at 2.331 ͑532 nm͒ and 3.496 ͑355 nm͒ eV from a Q-switched Nd:YAG laser were used in the current experiments. Photoelectrons were collected with nearly 100% efficiency by the magnetic-bottle and analyzed in a 3.5-m long electron TOF tube. The apparatus was operated at 10 Hz repetition rate. The electron kinetic energy scale was calibrated using the known spectrum of Cu Ϫ . The apparatus has an electron energy resolution of about 20-25 meV for 1 eV electron.
III. COMPUTATIONAL METHODS
In the theoretical study, we focused on the Cu cyanide systems and expected that the bonding in the Cu and Ag systems would be similar. We initially optimized the geometries of CuCN, CuCN Ϫ , CuNC, and CuNC Ϫ , employing analytical gradients with polarized split-valence basis sets (6-311ϩG*) [43] [44] [45] using the hybrid method, which includes a mixture of Hartree-Fock exchange with density functional exchange correlation ͑B3LYP͒. [46] [47] [48] Then, the geometries were reoptimized using MP2/6-311ϩG* level of theory. 49 The geometries were further refined using the CCSD͑T͒ method [50] [51] [52] and the same basis sets. Finally, the energies of the lowest-energy structures were refined using the CCSD͑T͒ level of theory and the more extended 6-311ϩG(3d) basis sets. All core electrons ͑Cu 1s -3p, C 1s, and N 1s͒ were kept frozen; the Cu d electrons were not frozen and were included in treating the electron correlation at the MP2 and CCSD͑T͒ levels of theory. Effective atomic charges were calculated using natural population analysis ͑NPA͒. 53, 54 Because NPA analysis is not available for the CCSD͑T͒ method, we used QCISD method instead. 55 All calculations were performed using the GAUSSIAN-98 program. Figure 1 shows the photoelectron spectra of CuCN Ϫ at 532 and 355 nm. A well-resolved vibrational progression was observed in the 532 nm spectrum, yielding an adiabatic detachment energy of 1.466 ͑0.010͒ eV and a vibrational frequency of 480 ͑30͒ cm Ϫ1 . Hot band features were discernible in the lower energy side of the 532 nm spectrum ͓Fig. 1͑a͔͒ but could not be resolved, probably because the anion has a much smaller vibrational frequency. At 355 nm, no new features were observed at higher binding energies. Figure 2 shows the photoelectron spectra of AgCN Ϫ at 532 and 355 nm. The 532 nm spectrum of AgCN Ϫ is very similar to that of CuCN Ϫ with a well-resolved vibrational progression starting at 1.588 eV, except that an extra and very week feature (XЈ) near 1.12 eV was also present. The well-resolved progression yielded an adiabatic detachment energy of 1.588 ͑0.010͒ eV and a vertical detachment energy of 1.636 ͑0.010͒ eV, and a vibrational frequency of 390 ͑20͒ cm
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Ϫ1
. The 355 nm spectrum of AgCN Ϫ was also similar to that of CuCN Ϫ except that several more weak features were observed at higher binding energies.
The weak features in the AgCN Ϫ spectra depended on the source conditions to some degree, but could not to be completely eliminated. Under certain source conditions, similar weak features were also observed in the CuCN Ϫ spectra. Thus we tentatively concluded that these weak features were due to either minor isomers or electronically excited states of the anions. The observed spectroscopic parameters of the main transitions for CuCN Ϫ and AgCN Ϫ are summarized in Table I . 
V. THEORETICAL RESULTS
To understand the structure and bonding of the XCN Ϫ species and to interpret the observed spectral transitions, we carried out ab initio calculations on two possible isomers of CuCN Ϫ and CuNC Ϫ and their respective neutrals. It was too expensive to perform calculations of similar accuracy on the AgCN Ϫ systems. However, we expected that the structure and bonding in the two systems should be similar.
Our theoretical results for CuCN, CuNC, CuCN Ϫ , and CuNC Ϫ are summarized in Tables II-IV . We should point out that all harmonic frequencies in the tables are not scaled.
A. CuCN and CuNC
At all three levels of theory, B3LYP/6-311ϩG*, MP2/6-311ϩG*, and CCSD͑T͒/6-311ϩG*, the global minimum of CuCN was found to have a linear singlet C ϱV structure ( Table II . This result agrees with all previous ab initio calculations. [34] [35] [36] [37] [38] However, the detailed numerical results are quite different. The best previous results were obtained by Bauschlicher 35 at the SDCI level of theory using , was found to be a local minimum 6.5 kcal/mol (CCSD͑T͒/6-311ϩG(3d)) higher in energy. The cyclic structure again corresponds to a transition state on the intramolecular rotation of Cu ϩ around the CN Ϫ group. The height of the internal rotation barrier is 8.4 kcal/mol at the B3LYP/6-311ϩG* level of theory and 6.1 kcal/mol at the MP2/6-311ϩG* level of theory relative to the Cu-NC Ϫ isomer.
The CuCN neutral is very stable towards dissociation as one can expect based on the ionic bonding. The stability of the CuCN Ϫ anion drops substantially since the extra electron occupies the 5 MO, which is primarily of Cu 4s character, substantially reducing the ionic bond strength. The dissociation energies were calculated to be ⌬Eϭ5.22 eV for
2 S) ͓both at the CCSD͑T͒/6-311ϩG(3d) level of theory͔. The substantial increase of the Cu-C bondlength and decrease of the Cu-C vibrational frequency ͑ 2 , Table  IV͒ are also consistent with the considerable weakening of the Cu-CN bonding in the anion. In the anion, the extra electron enters the 5 LUMO. Since the 5 MO is predominantly of Cu 4s character ͑Fig. 3͒, the anion CuCN Ϫ can be viewed as a neutral Cu atom interacting with a closed-shell CN Ϫ . Thus the bonding between Cu and CN moiety is considerably reduced in the anion. Indeed, our calculations ͑Table II͒ indicated that in Cu-CN the atomic charge on Cu is close to ϩ1 ͑ϩ0.74͒ and the charge on CN is close to Ϫ1 ͑Ϫ0.74͒. In the anion, the additional electron almost completely goes to Cu with some additional polarization of the CN Ϫ group ͑electron density on CN Ϫ is shifted towards the nitrogen atom͒, as shown in Fig. 3 . The Cu-CN bond in the anion is elongated by 0.07 Å and its 2 vibrational frequency is lowered by 86 cm Ϫ1 ͑by 19%͒. The observed photoelectron spectrum ͑Fig. 1͒ is consistent with this bonding picture. The photoelectron spectrum should correspond to removal of the 5 electron in CuCN Ϫ . The observed vibrational progression indeed suggests that there is a considerable geometry change upon detachment of an electron from CuCN Ϫ and a considerable increase of the 2 vibrational frequency ͓as inferred from the unresolved hot band feature, Fig. 1͑a͔͒ . The calculated electron detachment energies of CuCN Ϫ are shown in Table V . It should be noted that the VDE and ADE given in Table V are calculated with a larger basis set ͓CCSD͑T͒/6-311-G(3d)͔ than the geometry optimizations, which are done at the CCSD͑T͒/6-311 ϩG* level of theory. The 1.34 eV ADE obtained at the higher level of theory represents a 0.05 eV improvement relative to the value of 1.29 eV at the CCSD͑T͒/6-311 a At the CCSD͑T͒/6-311ϩG(3d) level of theory using CCSD͑T͒/6-311ϩG* geometry. Zero point energy correction is not included.
VI. DISCUSSION
ϩG* level of theory ͑Tables II and IV͒. Even with the improved level of theory the calculated VDE and ADE of CuCN Ϫ are still somewhat lower than the experimental values. Calculations of electron affinities of such systems certainly require large basis sets, which are beyond the scope of the current study. Our calculations of the Cu Ϫ anion have shown that our level of theory yielded an electron affinity for Cu of 1.067 eV, compared to the experimental value of 1.235͑5͒ eV. 56 Therefore, our calculated electron binding energies for CuCN Ϫ should be considered with similar accuracy. They are likely to be underestimating the true values. If we add the difference between the true and calculated electron affinity of Cu to our calculated binding energies for CuCN Ϫ , we obtain much better agreement with the experimental values. Zero point energies are not calculated at the CCST͑D͒/6-311-G(3d) level of theory, and thus are not included in the calculations of the ADE's given in Table V . However, the zero point energy corrections are expected to be negligible. At the CCST͑D͒/6-311-G* level of theory, the zero point energies are 4.377 and 4.167 kcal/mol for CuCN and CuCN Ϫ , respectively, resulting in a correction of less than 0.01 eV for the ADE. This is negligible considering the accuracy of the current calculations.
We can rule out the possibility that the isocyanide CuNC Ϫ was responsible for our observed spectra in Fig. 1 based on both energetic ground and the calculated binding energies, even though the observed vibrational frequency can be assigned to the 2 mode of either CuCN or CuNC because they are very similar ͑Table II͒. According to our best calculations, the linear cyanide CuCN and CuCN Ϫ structures are more stable than the linear isocyanide isomers CuNC and CuNC Ϫ by 10.7 and 6.5 kcal/mol, respectively. Furthermore, the potential barriers between the isocyanide structure and the cyclic transition state are relatively low for both the neutral and the anion. One would expect very little population of the isocyanide CuCN Ϫ isomer in our beam. Our calculated electron binding energies for the CuCN Ϫ isomer are also in very good agreement with the experimental values ͑Table V͒, taking into account the fact that our current calculations tended to underestimate the binding energies, as discussed above. We can exclude CuNC Ϫ as a candidate rather firmly, because the calculated binding energies for this isomer ͑Table V͒ are already higher than the experimental values. If CuNC Ϫ were present in our beam, it should appear as weak features at a higher binding energy than the observed features for CuCN Ϫ . Our data clearly suggest that no measurable amount of CuNC Ϫ was present in our beam. The main features of the AgCN Ϫ spectra are almost identical to that of the CuCN Ϫ spectra, except that AgCN Ϫ has a higher electron binding energy and gives a lower vibrational frequency. The bonding in AgCN is expected to be similar to that in CuCN. We can expect that the extra electron in AgCN Ϫ also occupies an orbital of mainly Ag 5s character. The increased electron affinity of AgCN is also anticipated based on the higher electron affinity of Ag ͑1.302 eV͒, relative to that of Cu ͑1.235 eV͒. 56 However, extra weak features were observed in the AgCN Ϫ spectra, as shown in Fig. 2 . The weak higher binding energy feature near 2 eV observed in Fig. 2͑b͒ might be due to the isocyanide AgNC Ϫ isomer, although that feature did not appear in the 532 nm spectrum ͓Fig. 2͑b͔͒, suggesting that this isomer was only present under certain experimental conditions. However, the lower binding energy feature (XЈ) was still puzzling. It cannot be due to the AgNC Ϫ isomer, because it was expected to have a higher binding energy. In addition, this feature was stronger in Fig. 2͑a͒ where the 2 eV feature, observed in Fig.  2͑b͒ and attributed to the AgNC Ϫ isomer, was not present, suggesting that the XЈ feature and the 2 eV feature have different origins. We tentatively attributed the XЈ feature to an excited anion state of AgCN Ϫ . Therefore, there seems to be experimental evidence that very weak isocyanide AgNC Ϫ might be present in our beam. Unfortunately, accurate theoretical calculations of the silver cyanide systems would require inclusion of relativistic effects and are beyond this study. Further theoretical studies are warranted for these systems. In particular, the isocyanide AgNC Ϫ isomer may be more stable relative to CuNC Ϫ or that the barrier between the AgNC Ϫ and the AgCN Ϫ isomers are significantly larger, making it easier to be observed experimentally.
VII. CONCLUSIONS
We report vibrationally resolved photoelectron spectra of CuCN Ϫ and AgCN Ϫ and a detailed theoretical investigation of CuCN Ϫ and CuCN and their isomers. Vibrational frequencies and electron affinities of CuCN and AgCN were obtained for the first time in the gas phase. Our theoretical calculations predicted that CuCN and CuCN Ϫ both have C ϱV linear structures as their global minima with the isocyanide isomers higher in energy. The agreement between the calculated and experimental spectroscopic parameters confirms the linear structures of CuCN and CuCN Ϫ .
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